1. The reconstitution of chlorophyllide biosynthesis by barley etioplast membranes is described. 2. The process is dependent on the addition of NADPH and protochlorophyllide and on illumination, which can be either continuous or intermittent. 3. The reconstituted process involves spectroscopically similar intermediates to the native reaction in whole leaves. 4. Steps in the process are an initial enzymic formation in the dark of a photoactive complex, P638/652 (probably a ternary protochlorophyllide-NADPH-enzyme complex), followed by a very rapid light-dependent hydrogen transfer from the NADPH to the protochlorophyllide giving chlorophyllide, finally releasing the enzyme for repeating the process. 5. A continuous assay for the system regenerating complex P638/652 was devised on the basis of monitoring chlorophyllide formation.
The formation of chlorophyll a by higher plants has been extensively studied at the whole-plant level by using a variety of experimental approaches (see Kirk & Tilney-Basset, 1967 ) and these have culminated in detailed formulations of the biosynthetic route (Jones, 1976) . However, reliable data on the individual enzymic reactions from studies in vitro have been reported far less frequently (see Rebeiz & Castelfranco, 1973) . Thus, even though the operation of the complete pathway in vitro is implied from the work of Rebeiz & Castelfranco (1971a,b) , to date only three of the enzymes thought to be specific to the chlorophyll-biosynthetic pathway have been assayed in cell-free preparations. These are magnesium protoporphyrin methyltransferase (EC 2.1.1.1 1) (Radmer & Bogorad, 1967) , magnesium protoporphyrin methyl ester vinyl reductase (Ellsworth & Hsing, 1974) and chlorophyllase (EC 3.1.1.14) (Holden, 1961) . Perhaps also to be included in this list should be the extensive experiments carried out in vitro on protochlorophyll(ide) holochrome. This is a photoactive pigment-protein complex that retains the ability to photoreduce its protochlorophyll(ide) to chlorophyll(ide) in vitro (see Boardman, 1966) . Although this reaction certainly does display some properties of enzyme catalysis, e.g. sensitivity to heat, pH and protein-denaturing agents, it also shares Abbreviations used: complexes P630 and P6381652, protochlorophyll(ide) pigment complexes showing lightabsorption maxima at the wavelengths indicated. Protochlorophyll(ide) refers to protochlorophyllide and/or protochlorophyll. Chlorophyll(ide) refers to chlorophyllide and/or chlorophyll.
Vol. 174 some characteristics with strictly photochemical reactions in that it proceeds extremely rapidly (complete in less than 10ps; see Schopfer & Siegelman, 1969) even at very low temperatures (Boardman, 1966) .
The photoconversion of protochlorophyll(ide) together with the actual formation of the photoactive complex has again been studied in whole leaves (Granick & Gassman, 1970; Sundquist, 1970) . It has been possible to measure formation of the photoactive complex, since in vivo this has distinct lightabsorption characteristics, absorbing maximally at 638 and 652nm in both whole leaves (Kahn et al., 1970; Dujardin & Sironval, 1970; Dujardin, 1975) and isolated etioplast membranes (Griffiths, 1975a) compared with the non-active pigment, which absorbs at approx. 630nm. Formation of the photoactive complex in whole plants, in contrast with the actual photoconversion, shows typical enzymic properties. Thus from the limited experimental versatility offered by whole plants it has been shown that the reaction is temperature-sensitive (Granick & Gassman, 1970) , is inhibited by a range of poisons (Gassman, 1973a, b) and proceeds at readily measurable rates, which vary with the age of the tissue (Akoyunoglou & Siegelman, 1968) .
Recently an etioplast preparation was described as being capable of mimicking the whole leaf in terms of carrying out the terminal reactions of chlorophyllide biosynthesis (Griffiths, 1975a (Griffiths, 1975a) was compatible with the sequence of events shown in Scheme 1, to describe the terminal steps of chlorophyll biosynthesis.
In the present paper the complete reconstitution of this activation process by adding protochlorophyllide and NADPH to etioplast membranes is described and a convenient procedure for assaying the reaction in vitro is developed. Some of this work has been reported in a preliminary manner (Griffiths, 1977) .
Experimental Biological material
All the experiments described here were carried out with preparations from 7-day-old etiolated barley (Hordeum vulgare L., cultivar Proctor) plants. They were cultivated as previously described (Griffiths, 1975a) .
Chemicals
Most of the chemicals were readily available from commercial sources and were of A.R. grade or the highest grade obtainable. Sodium cholate was a product of Sigma (London) Chemical Co., Kingston upon Thames, Surrey, U.K. Glucose 6-phosphate, NADP+ and glucose 6-phosphate dehydrogenase were obtained from Boehringer, Mannheim, Germany. Cellulose-MN for t.l.c. was purchased from BDH Chemicals, Poole, Dorset, U.K.
Purification ofsolvents
Peroxide-free diethyl ether was prepared by drying the commercial product over sodium/lead alloy overnight followed by distillation over reduced iron immediately before use. Light petroleum (b.p. 60-80°C) was also dried over sodium/lead alloy and again redistilled before use.
Methods
Etioplasts were isolated from 7-day-old darkgrown barley by differential centrifugation of a leaf homogenate as previously described (Griffiths, 1975a) . Osmotic lysis of the etioplasts followed by centrifugation gave the etioplast membrane fraction, corresponding to the prolamellar-body membranes. 'Proto-pigment'-free membranes, depleted of their endogenous chlorophyll precursors, were prepared in the same way as used for the prolamellar-body membranes, except that before lysis of the etioplasts they were flash (4mJ) illuminated (1 flash/40s; Griffiths, 1975a) at 0°C for 20min on a shaker in the presence of an NADPH-regenerating system [0.5 unit (1,umol of substrate converted/min) of glucose 6-phosphate dehydrogenase, 5mM-glucose 6-phosphate and 0.5mM-NADP+].
Protochlorophyllide was isolated from dark-grown 8-9-day-old etiolated barley plants by a modification of a previously described method (Griffiths, 1975b (Jones & Saunders, 1972) as described earlier (Griffiths, 1975a) . Difference spectra at 77K were similarly recorded with the cuvette holder immersed in liquid N2. Continuous recording of flash-induced chlorophyll(ide) formation was performed by using a dual-wavelength spectrophotometer set with the measuring beam at 672nm and the reference beam at 710nm. Flash illumination was from a xenon photograph lamp (Mecablitz) placed 3cm above the cuvette holder; the light was filtered through 1 cm of saturated CuSO4 solution. Forma (Griffiths, 1975a) .
Protein assays
Protein concentrations in suspensions of cell-free preparations, etioplasts or prolamellar-body membranes were assayed by the Folin method (Lowry et al., 1951) , with bovine serum albumin (Sigma) as standard. Total plant protein concentration was assayed as inorganic nitrogen by using Nessler's reagent on samples of dried plant material after digestion at 300°C with conc. H2SO4 and H202 (Johnson, 1964) .
Results and Discussion
The procedure described for isolating protochlorophyllide produced a product with spectroscopic properties (Fig. 1 ) agreeing with the published data for this compound (Houssier & Sauer, 1969) , and analysis of this preparation by t.l.c. on cellulose (Griffiths, 1975b) showed it to be essentially free of any impurities. On solubilization of the sample in aqueous cholate the absorption, if measured immediately, was shifted by about 9nm towards longer wavelength, but the shape of the spectrum was qualitatively similar to that of the methanolic solution (Fig. 2a) . When the sample was left in cholate, however, a progressive shift in absorption towards even longer wavelengths occurred, this being complete after about 3h, with the a-peak of the sample now at approx. 653nm (Fig. 2b ) compared with its original position at 632nm. An additional Soret peak at 473nm was also evident in the final spectrum. Isosbestic points for the shift occurred at 458, 609 and 637nm.
These gradual spectral shifts are identical with the changes described by Seliskar & Ke (1968) for proto- The pigment, isolated as described in the text, was dissolved in methanol and the spectrum recorded on a Unicam SP. 800 recording spectrophotometer. The value in parentheses is the dilution factor. Wavelength (nm) Fig. 4 . Chlorophyllide synthesis from added substrates by prolamellar-body membranes Membranes were isolated from etioplasts that had been depleted of substrate by flashing for 20min at 1 flash/40s. These were diluted in resuspension medium (1.2mg of protein/3.Oml) in the presence of cholate-solubilized protochlorophyllide and an NADPH-regenerating system, and spectra were noted before (a) and after (b) flash illumination (1 flash/40s) for 20min. Finally, the incubation mixture was extracted into acetone/water (4: 1, v/v) and the absorption spectrum again recorded (c). chlorophyllide in solvents of low dielectric constants (see also Brouers, 1972) and were ascribed by Seliskar & Ke (1968) to pigment aggregation. This phenomenon probably also occurs in aqueous cholate, since addition of 0.1 mM-Triton X-100 instantaneously reversed the shift (Fig. 2c ), possibly as a result of the breakdown of the polymeric form.
Apart from the complications caused by these spectral shifts, cholate solubilization of protochlorophyllide offers a convenient procedure for preparing water-'soluble' protochlorophyllide as a substrate for chlorophyllide synthesis in vitro. To test whether cholate has an inhibitory effect on chlorophyllide formation from endogenous pigment by prolamellarbody membranes, samples of the latter pigment were flash illuminated for 20min at 1 flash/40s in the presence of NADPH and with various cholate additions. At the end of this period the samples were centrifuged at 15000g for 10min to sediment the membranes, and finally chlorophyll(ide) was assayed spectrophotometrically in the resulting -supernatants and resuspended pellets. Fig. 3 shows that increasing the cholate concentration increased the amount of chlorophyll(ide) appearing in the final supernatant: only 36 % was solubilized at a cholate concentration of 1 mg/ml, whereas 65% was solubilized when the cholate concentration was 8.5 mg/ml. Apart from this pigment-solubilizing effect, however, a cholate concentration as high as 12mg/ml has no inhibitory effect on chlorophyllide formation from endogenous pigment, this concentration being in excess of the amount required to solubilize the purified protochlorophyllide (Fig. 2a) .
By way of confirmation of my earlier results (Griffiths, 1975b) , when substrate-depleted prolamellar-body membranes (prepared by water lysis of previously extensively flashed etioplasts) (Fig. 4a) are flash illuminated for 20min in the presence of exogenously added protochlorophyllide and NADPH, a product absorbing at 672nm accumulates, concomitant with a decrease in the absorption at approx. 632nm (Fig. 4b) . This change does not occur in the absence of either the protochlorophyllide 1978 or NADPH (Griffiths, 1975b (Liljenberg, 1974; Ogawa et al., 1975; Wellburn, 1976) .
Earlier experiments (Griffiths, 1975a) had indicated that the accumulation of chlorophyllide in vitro by etioplast membranes in flashing light is the result of flash photoconversion of a photoactive complex, P638/652, formed repeatedly after a flash by a NADPH-requiring reaction. Further, the kinetics of formation of this complex were also reported as comprising an initial quite rapid linear phase followed by a phase of gradually decreasing rate. From a consideration of these regeneration kinetics it should be possible to assay the initial rate of regeneration of complex P638/652 in vitro by measuring the yield of chlorophyllide formed as a result of a saturating light flash given within the initial linear phase of the regeneration. Reference to Fig. 4 shows that the assay of such a chlorophyllide formation can be readily achieved in vitro by dual-wavelength spectrophotometry by measuring flash-induced absorbance changes at 672nm relative to 710nm. The latter wavelength is chosen as one at which no specific flashinduced absorbance changes occur and thus compensates for any non-specific changes caused by, e.g., scattering.
Fig (Griffiths, 1975a ) that the A672 corresponding to chlorophyllide in vivo is quantitatively the same as the A672 of the extracted pigment in ether. This illustration (Fig. 5) chlorophyllide synthesis by a system in vitro, first described by this laboratory (Griffiths, 1975b) . The variation in extent of the flash-induced chlorophyllide synthesis with different dark intervals between successive flashes is illustrated in Fig. 6 . The data were obtained by incubating prolamellarbody membranes in the presence of protochlorophyllide and NADPH and noting spectrophotometrically the extent of chlorophyllide formation per flash with various dark times between successive flashes. The plot illustrates that for dark times up to approx. 60s the flash yield of chlorophyllide, measured as A(A672-A710), is directly proportional to the length of the dark interval between flashes, implying that formation of complex P638/652 must also be linear with time over this period, in agreement with earlier experiments (Griffiths, 1975a) . Therefore under these incubation conditions a flash rate with a dark time of anything less than 60s should give kinetics of chlorophyllide synthesis reflecting accurately the initial phase of complex P638/652 accumulation in the dark. In our assays of this rate, a dark time of 20s is usually adopted. Fig. 7 shows the relationship between the measured rate of chlorophyllide formation and the protein concentration used in the assay, and Fig. 8 shows how the rate varies with the intensity of the flash illumination. Thus Fig. 7 shows that over the proteinconcentration range investigated. up to 1.25 mg/ 2.5ml of final assay volume, the rate ofchlorophyllide synthesis, as expected, is linearly related to the rates by etioplast membranes at various NA DPH concentrations Prolamellar-body membranes were flash illuminated as described in Fig. 5 and rates of chlorophyllide synthesis measured at different NADPH concentrations as indicated.
protein concentration. Increasing the concentration of protein beyond this range was not attempted, since problems due to light saturation arising from the shadowing effect of pigments on the membranes might be encountered at higher concentrations. The effect of light intensity on the measured chlorophyllide synthesis rate (Fig. 8) shows that at lower intensities the rate increases linearly with increasing light intensity, but becomes independent of intensity at approx. 60% transmission, which indicates the light saturation of the actual photoconversion step. It is of course essential that conditions of light saturation must prevail to give meaningful rates of regeneration of complex P638/652 by this procedure.
In routine assays the fulfilment of this condition is always checked by using neutral density filters to lower the light intensity by approx. 20%, when no decrease in recorded rate of chlorophyllide synthesis should occur. Further, to check that assays are being carried out under optimal conditions a doubling of the observed rate in response to a 2-fold increase in protein concentration was usually ascertained. Fig. 9 records a double-reciprocal plot of the rate of flash-induced chlorophyllide synthesis as a function of protochlorophyllide concentration in the presence of a saturating concentration. of NADPH, and Fig. 10 (Kaler & Shlyk, 1962) , which suggests that under these conditions the regeneration reaction is out of equilibrium and as such may represent a potential regulatory step in the chlorophyllide-biosynthetic pathway. A different conclusion regarding this reaction has, however, been arrived at by Sundquist (1973) from spectroscopic experiments in vivo. Thus he showed that in whole leaves the reaction leading to complex P650 formation, corresponding to complex P638/652 of the present paper, is faster than the rate of protochlorophyllide formation from its precursors.
In addition to the dependence of initial reaction rates on substrate concentration, the extent of chlorophyllide accumulation resulting from extended flashing of the system to completion also varied with substrate concentrations. Thus on prolonged (approx. 30min) flash illumination of barley etioplast membranes supplemented with a saturating NADPH concentration but with various protochlorophyllide contents, the final chlorophyllide concentration attained (Fig. 1 1) was, as expected, directly related to the protochlorophyllide concentration used. Final chlorophyllide concentrations in this experiment were estimated from the A(A672-A710) kinetic traces Protochlorophyllide added (nmol) Fig. 1 Fig. 12 . pH-dependence of the chiorophyllide-synthesis activity of etioplast membranes Prolamellar-body membranes were resuspended in assay medium containing 20mM each of Tricine {N-[2-hydroxy-1 ,1-bis(hydroxymethyl)ethyl]glycine}, Bes {2-[bis-('-hydroxyethyl)aminoethanesulphonic acid} and Mes (4-morpholine-ethanesulphonic acid) with saturating concentrations of protochiorophyllide and NADPH. The pH of the incubation mixture was varied with KOH additions as indicated and chlorophyllide-synthesis rates were measured as described in Fig. 5. assay, is recorded in Fig. 12 . Thus a single pH optimum for the reaction occurs at pH 6.9. This differs from the more alkaline pH optimum reported for protochlorophyllide photoconversion in isolated holochrome (see Boardman, 1966) ; however, the latter may merely reflect the stability of the active pigment-protein at various pH values, with an alkaline environment tending to favour its stability. is awaited before its exact sub-etioplast location can be described unambiguously. Assuming, however, that the system is associated with the prolamellarbody membranes, its location here would complement the similarly located methyltransferase (Radmer & Bogorad, 1967) and chlorophyllide-esterifying system (Rudiger et al., 1977) , but would contrast with the apparent soluble location of the vinyl-sidechain-reducing enzyme (Ellsworth & Hsing, 1974) .
Spectral characterization of the product (P638/652) formed in the dark from endogenous pigment and added NADPH has already been done (Griffiths, 1975a) . The corresponding properties for the reaction involving exogenously added protochlorophyllide were investigated by difference spectra recorded at 77K. Fig. 13 records such a spectrum obtained from these substrate-depleted membranes prepared as described below, after supplementation with protochlorophyllide and incubated in darkness for 20min in the presence or absence of NADPH. The spectrum shows maxima at approx. 638nm and at 652nm and a minimum at 631 nm. This spectrum gives the absorption ofthe intermediate formed from the added protochlorophyllide and NADPH, which absorbs at 638 and 652nm and has been formed at the expense of a pigment absorbing at 631 nm, the added protochlorophyllide. The additional positive peak in the difference spectrum at 673nm (Fig. 13) probably corresponds to the degradation of chlorophyllide occuring in these membranes over the 20min incubation period; this process was considerably decreased in the presence of the NADPH in the test sample. Fig. 13 shows the spectrum obtained when membranes supplemented with NADPH plus protochlorophyllide incubated as above were illuminated at room temperature, then frozen in liquid N2 and the spectrum read against that of a similarly incubated sample that received no illumination. The resulting light-minus-dark difference spectrum shows that, as with the complex P638/652 formed from the endogenous pigment (Griffiths, 1975b) (Griffiths, 1975a) or whole leaves (Kahn et al., 1970) . Various postulates have been put forward in attempts at defining the nature of the photoactive pigment complex P638/652, and its formation from the non-photoactive pigment absorbing at lower wavelength. These include the suggestion that the latter represents 'free' pigment, which on association with a specific protein-photoenzyme becomes the photoactive species (Granick & Gassman, 1970) . Again, by analogy with the behaviour of isolated protochlorophyllide in different organic solvents (Seliskar & Ke, 1968) above), it has been widely suggested that the wavelength shift accompanying activation of protochlorophyll(ide) in vivo may be related to the aggregation of the pigment. However, despite supetficially resembling the physiological activation process, the various spectra recorded during the aggregation of the pure pigment in vitro intersected at an isosbestic point at 673 nm, whereas the physiological activation does not give rise to such a feature. In fact, there is an accessory peak or shoulder at 638nm in the absorption spectrum of the biosynthetic product (see Fig. 13 ). Again, of course, the pigment aggregated in vitro undergoes no change on illumination, in contrast with the enzymically formed complex, which gives chlorophyllide under these conditions. Brouers & Sironval (1975) have also succeeded in reproducing in vitro the spectroscopic shifts accompanying formation of complex P638/652 by freeze-drying isolated holochrome samples. However, whether the changes reported correspond to the genuine formation of photoactive complex P638/652 or are due to aggregation phenomena analogous to those described above is difficult to decide from the data.
Finally, it thus appears unlikely that pigment aggregation alone (Butler & Briggs, 1966; Mathis & Sauer, 1972) can account for the physiological-NADPH-dependent activation reaction, especially in view of the fact that subunits of holochrome prepared by saponin treatment of barley leaves retain 'photoconvertibility' yet contain only a single protochlorophyllide molecule per 63000 mol.wt. protein molecule (Henningsen & Kahn, 1971 The exact mechanism of photoreduction of the protochlorophyllide resulting from illumination of the photoactive complex has yet to be elucidated. The fact that the complete process can occur in less than lO,us (Schopfer & Siegelman, 1969) implies that no dark reaction of significant lifetime can be involved. However, the reaction is not strictly photochemical, since it is greatly inhibited at low temperatures, e.g. only 40% phototransformation occurs in barley at -60°C (Smith & Beneitz, 1954) , suggesting that the process must also involve some restricted molecular collisions (Boardman, 1966) . It is probable that the photoconversion involves an initial, temperature-independent, photoexcitation of the pigment complex, followed by a hydrogen-transfer step showing a much higher temperature coefficient. Thus at temperatures between -120 and --40 C, Goedheer & Verhulsdonk (1970) were able to demonstrate fluorimetrically in whole leaves the formation of chlorophyll(ide) in the post-illumination period. Below this temperature presumably the dark reaction did not proceed or proceeded at a rate too low to measure, whereas at temperatures higher than -40)C the dark reaction was so fast as to be unresolved from the light step.
Despite this, however, attempts at resolving the light and dark steps, e.g. by illumination at low temperature and warming in darkness while monitoring chlorophyllide formation, have, with one exception (Sironval & Kuyper, 1972) consistently failed (Goedheer & Verhulsdonk, 1970; Canaani, 1975) . The most probable reason for these failures is that the lifetime of the excited state produced in the light is too short to enable it to survive the time needed to warm up to the temperature where the hydrogen transfer can occur. We have repeated these experiments with isolated prolamellar-body membranes in the presence of a large excess of NADPH, but again failed to detect any evidence of dark chlorophyllide synthesis on warming to room temperature in darkness after illumination at 77K (W. T. Griffiths & N. L. Morgan, unpublished work) .
Regarding the validity of the flash-induced chlorophyllide assay as a measure of the physiological rate of regeneration of complex P638/652, Fig. 14 shows recorder tracings of chlorophyllide synthesis by prolamellar-body membranes measured both under our normal standard flash-illumination conditions (Fig. 14a) and also under continuous illumination (Fig. 14b) (Fig. 14) also shows that regeneration of complex P638/652 in isolated membranes proceeds at the same rate in the light or in the dark. Despite this, however, it should be mentioned that a dramatic decrease in the regeneration activity is found in plastids isolated from dark-grown plants given a brief exposure (30min) to continuous illumination immediately before etioplast isolation (Mapleston & Griffiths, 1977) , a phenomenon that is largely reversed if the illumination is followed by a return of the plants to darkness before isolating the plastids.
As it is our belief that the complex-P638/652- (Mapleston & Griffiths, 1977) .
Despite these shortcomings, however, the data illustrate that the activity of the complex P638/652-regenerating system as assayed in vitro under optimal substrate concentrations is adequate to account for the capacity of the whole plant for chlorophyll synthesis.
